Abstract. Currently, the question of the best scheme for constructing a mathematical model of a homogeneous anisotropic elastic material equivalent to fiber reinforced plastic composite (FRP) with arbitrary laminate stacking sequence configuration, have been remained open. A new method for the theoretical prediction of anisotropic elastic characteristics of material equivalent to a given FRP is suggested in this paper. Results are obtained for representative volume element (RV) which has been cut out in three different ways from FRP. Calculations for a specific FRP have shown that the FRP replacement by a homogeneous anisotropic material equivalent to it leads to an error order 10% for the elastic properties.
Introduction
The problem of FRP strength and rigidity calculation is especially important in the design of modern constructions widely used in various engineering fields. It is necessary to know the elastic properties of the applied FRP to solve such a problem. The experimental method for determining FRP properties is the most reliable [1] [2] [3] [4] [5] [6] [7] , but it is very laborious and does not allow determining the mechanical characteristics of all applicable FRP reinforcement schemes. Therefore, simulation of the FTP mechanical characteristics for various structures [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and determination of the FRP effective characteristics of elasticity, which allow the effective methods of the theory of elasticity for anisotropic body to be used to evaluate the stiffness and strength of FRP structures, is more rational [20] in many cases.
Currently, the question of the best scheme for constructing a mathematical model of a homogeneous anisotropic elastic material equivalent to FRP with arbitrary laminate stacking sequence configuration, have been remained open. One solution is proposed in this paper.
The task to assess the feasibility of the proposed method intended to determine the elasticity characteristics of a homogeneous anisotropic material equivalent to FRP composite under consideration with a given structure, is set in the paper. The method is based on the equality of elastic strain energies in real FRP composite and equivalent anisotropic material with identical deformations of their representative elements.
FRP composite for determining the effective elastic characteristics
Let us consider a unidirectional FRP composite having straight reinforcing fibers with a diameter d = 10 mic. The distance between the fibers is equal to c = 5 mic. The FRP reinforcement ratio of the composite equals to Ѱ = 0,348. Modelling of FRP properties is performed on its representative volumes (RV) are cut out in various ways.
The RV has the shape of a cube with the following sizes: ax = ay = az = 15 mic. 
The condition for the equivalence of elastic characteristics for FRP and an equivalent homogeneous material
The equivalent material model (EM) for FRP is adopted in the form of Hooke's law for a homogeneous anisotropic body: Representative elements for FRP composite and for EM are being considered as a rectangular parallelepiped shape with ax ˟ ay ˟ az dimensions ( fig. 1 ) and then we are assuming that their deformation is similar of their external surfaces deformation.
In accordance with it is assumed that FRP and RV have equivalent elasticity characteristics under condition for identical deformations the specific potential energies of elastic deformations accumulated in FRP and RV are the same.
The implementation of this approach is being effected in two phases.
First phase
Six numerical experiments were being performed at this phase. In the first experiment, RV with dimensions ax ˟ ay ˟ az is deformed εx ≠ 0 under zero other deformations. The displacement vectors m δ , m = 1, 2…, M and the external force vectors m F , m = 1, 2…, M for all M nodes of the RV have been determined using ANSYS based on the finite element method (FEM). The work of all external forces applied to the RV is determined on their basis. The work determines the internal energy of the elastic deformation in the RV under consideration:
Further, the PV is subjected to the same deformation for EM, having the same dimensions, and the potential energy accumulated in it is determined with formula [20] :
where V = ax ay az -the volume of the RV. Equating A(εx) and U(εx), we obtain a formula for computing E11:
In the same way, the coefficients of elasticity Ekk, k = 2,…,6 are being determined by setting zero values for deformations εy, εz, γxy, γyz, γxz.
Second phase
External loads are being calculated with synchronous action of two deformations to determine the elastic characteristics Ekn at k ≠ n. For example, εx ≠ 0, εy ≠ 0 are being set, and the remaining deformations εz = γxy = γyz = γxz = 0. In this case, on the basis of (1), we write
and for EM model RV the potential energy of elastic deformation is being defined:
Equating (6) 
Finally, we are getting 
The values of E11 and E22 are calculated in the experiments in phase 1. Therefore, the quantity E12 is uniquely determined by formula (8) .
Proceeding in a similar way, all the quantities Ekn at k ≠ n will be calculated.
FEM results
According to the method described above, the elastic characteristics of the FRP under consideration have been found out for three cuttings of RV, determined in accordance with fig. 1 
Results comparison
This paper compares the FRP stiffness characteristics calculated on the FEM basis obtained at different angles of the RV cutting from the FRP body with the stiffness characteristics of an equivalent anisotropic material calculated on the basis of the theory of elasticity. At calculations based on theory of elasticity the stiffness characteristics obtained on the basis of the FEM for a representative element having a reinforcing fiber directed along the X-axis ( fig. 1 ) are taken as initial characteristics
The defining relations of the theory of elasticity for an anisotropic body in an orthogonal coordinate system are being written in the form [20] :
where Cijkl -are the tensor components of elastic constants (Cijkl), which have an independent component in the most general case of anisotropy for a linearly elastic body.
The components Cꞌijkl of a given tensor in a coordinate system xꞌα, α = 1, 2, 3 has the same origin as the system xi, i = 1, 2, 3, but rotated relatively are by [20] :
where niα,… -are the cosines of the angles between the axes i x′ and the axes xα.
On the basis of (13) 
where max E 
From (15) and (16) we see that the maximum relative divergence for the rigidity characteristics for φ=30
o is equal to 6,9•10 -2 •100% = 6,9%, and for φ=45 o is equal to 2 9 9 10 100% 9 9% , ,
Conclusion
• A criterion of equivalence with respect to elasticity characteristics between FRP composite of arbitrary structure and a homogeneous anisotropic material based on the equality of internal elastic-strain energies at the same RV deformation and EM has been proposed, • The paper has suggested the RV structure of FRP composite on a phthalonitrile binder reinforced with carbon fibers. This structure is convenient for testing the determination method of the effective characteristics for FRP, • A methodology for calculating the stiffness coefficients of a homogeneous anisotropic material equivalent to a FRP composite having a phthalonitrile matrix reinforced with carbon fibers has been developed and tested by FEM using ANSYS. Results have been obtained for RV which had been cut out in three different ways from FRP composite, • A new method for quantifying the accuracy of the correspondence between the FRP effective stiffness characteristics calculated by FEM and the characteristics obtained within the framework of the theory of elasticity for an anisotropic body is suggested, • Calculations for a specific FRP composite have shown that the FRP replacement by a homogeneous anisotropic material equivalent to it leads to an error order 10% for the elastic properties.
